ABSTRACT The frequency distributions of polyadenylylated RNAs from the polysomes of sea urchin blastulae and gastrulae were estimated from their kinetics of hybridization with complementary DNA. Developmental decreases in complexity were observed among abundant, intermediate, and rare frequency classes. The class of highest abundance in the blastula polysomes had a complexity of 5.6 X 104 nucleotides and contained about 30 mRNA species, which divided into subsets according to developmental fate. Studies with purified DNA complementary to this abundant class revealed that five of these mRNA species remained abundant in the gastrula, wherein each comprised 2% of the polyadenylylated RNA in the polysomes.
Approximately 5 species decreased to a nearly rare frequency and2o were absent or at the limits of detection in polyadenylylated RNA of gastrula polysomes. These distinctly different developmental fates suggest distinct modes of regulation of mRNA concentration for different subsets. Focusing on the small number of abundant blastula mRNAs, we ascertained that those which were absent from gastrula polysomes were nevertheless represented in the gastrula nuclear RNA. Therefore, the appearance of abundant mRNA species in polysomes can be regulated by posttranscriptional processes.
Cell types are distinguishable by characteristic differences in their prevalent species of mRNA (1, 2) , and the processes of cellular differentiation (3, 4) , embryogenesis (5) , and oncogenesis (6) may all involve shifts in both complexity and frequency distribution of mRNAs. The mode of regulation of mRNA complexity and abundance, however, is not clear. The decrease in the number of different mRNA species during sea urchin development (5) appears to be attributable to posttranscriptional processes rather than to a block on transcription. This conclusion follows from the essentially constant complexity and sequence representation of nuclear RNA (7) and the persistence of complex-class mRNA sequences in nuclear RNA long after they have ceased to be present in the polysomes (8) . However, prevalent mRNA sequences have not been shown conclusively to be present in nuclear RNA. of cells that do not express these genes. For example, the induction of ovalbumin synthesis involves turning on ovalbumin gene transcription (9, 10) , whereas globin mRNA sequences have been reported variously absent from (11) and present in (12) nuclear RNA of cells not engaged in globin synthesis. Hence, an unequivocal demonstration of the persistence in nuclear RNA of mRNA sequences that shift between abundance and absence is still needed as evidence for a possible posttranscriptional regulation of abundant mRNA species.
In the present study we observed changes in the frequency distribution of mRNA species during development from blastula to gastrula. Prominent among these changes was the drastic loss of blastula abundant mRNA species; some 20 out of 30 were no longer detectable in gastrula polysomes. This observation affords us the opportunity to test whether or not the previously abundant mRNA sequences persist in nuclear RNA and, consequently, whether the disappearance of these abundant mRNA species could be attributed to posttranscriptional processes as opposed to cessation of their gene transcription. Having observed that the abundant mRNAs of the blastula fall into subsets with respect to developmental fate, we are now able to distinguish between a single overriding mode of regulation and a diversity of regulatory strategies, wherein each mRNA species is regulated through a quantitatively distinctive combination of transcriptional and posttranscriptional processes (e.g., see ref. 13 ).
MATERIALS AND METHODS
Polysomal Polyadenylylated RNA. Embryos of Stronglyocentrotus purpuratus were developed to the 20-hr mesenchyme blastula or 39-hr late gastrula stage and used for the preparation of in vio labeled polysomal RNA as described (14) but with the following modifications. After a 1-hr incubation with [3H]uridine (28 Ci/mmol, 1 Ci = 3.7 X 1010 becquerels; New England Nuclear) at 0.5-1 ,Ci/ml of embryos, blastulae were washed twice with ice-cold 1 M dextrose and gastrulae with 1.25 M dextrose. They were then lysed as described, but with lysis medium lacking bentonite and containing 5 mM 2-mercaptoethanol. A postmitochondrial supernatant fluid was prepared, layered on ice-cold sucrose step gradients (7 ml of 1 M sucrose over 3 ml of 2.5 M sucrose in lysis medium),-and centrifuged in the Spinco SW27 rotor at 27,000 rpm at 4°C for 3 hr. The polysomal band was removed from the 1 M/2.5 M interface and extracted directly with phenol/chloroform/ hydroxyquinoline, and the RNA was precipitated in ethanol as described (14) . In certain cases the postmitochondrial supernatant fluid was extracted directly as a source of total cytoplasmic RNA. The polyadenylylated polysomal RNA fraction was isolated by two successive bindings to oligo(dT)-cellulose as described (14) . The second binding was preceded by denaturation of the RNA in 99% (vol/vol) formamide at 50°C, resulting in an approximately 2-fold increase in specific activity (to a level of 800-2000 cpm/,ug). The failure of a third round of binding to change the specific activity indicated that the polyadenylylated RNA had attained maximal purity after two bindings.
cDNA Synthesis. Twice-bound polyadenylylated polysomal RNA was incubated at 25 ,ug/ml for 45 min at 43°C in 40 mM NaCl, 10,ug of oligo(dT)12 18 
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4654 Biochemistry: Shepherd and Nemer (supplied by J. Beard, Life Sciences, St. Petersburg, FL) in a total volume of 100 ,l. The cDNA product was subsequently purified according to Hastie and Bishop (1) . Its specific activity was approximately 107 cpm/,gg. The yield of cDNA was 8-12%
(wt/wt) and its average size was 550 nucleotides, as determined by sedimentation analysis in alkaline sucrose solution (15) compared with Hae III polyoma virus digest markers. Adequate representation of the mRNA population in the probe is inferred from the yield and size.
Nuclear RNA. Nuclear RNA was prepared (16) and further purified by successive DNase and Pronase digestions (17) . The RNA was pelleted in CsCl at p = 1.70 g/cm3, then dissolved in and dialyzed against 50 mM ammonium acetate (pH 7.0).
Hybridization. The medium and conditions for the hybridizations have been described (17) . Polysomal RNA was present at a 1500-to 2000-fold mass excess over cDNA, which contained 103-104 cpm for each time point. Its purity (see above) allowed the amount of polyadenylylated RNA to be measured directly by absorbance. For nuclear RNA, a 10,000-fold excess of RNA was used. As a test of its being free of DNA, nuclear RNA was mixed with cDNA probe, digested in an alkaline mixture, neutralized, precipitated with ethanol, and subsequently incubated under hybridization conditions to an equivalent Rot value of 50,000. (Rot is the initial concentration of RNA in mol of nucleotide per liter multiplied by time in sec.) The amount of nuclease Sl-resistant product, 2.9%, was only slightly higher than the zero time control (1.8%) and indicated that the nuclear RNA was essentially free of DNA contamination. Hybrid formation was assayed by the method of Maxwell et al. (18) , which involved extensive nuclease S1 digestion and retention of hybrids on DEAE-impregnated filters (Whatman DE81). The maximal extent of the hybridization, approximately 80%, could have been limited by nuclease S1 digestion of protruding portions of the probe.
Fractionation of Abundant cDNA. Blastula cDNA was hybridized with blastula polyadenylylated polysomal RNA to an Rot value of 3 and then digested with nuclease S1. The resistant cDNA was hybridized again with this RNA to the same Rot value and again treated with nuclease S1. The product could be demonstrated to be solely abundant-class cDNA.
RESULTS
Frequency Distributions of Polyadenylylated mRNAs of Blastula and Gastrula. The polyadenylylated mRNAs from the polysomes of sea urchin blastulae and gastrulae were characterized by hybridization with their respective cDNAs (Fig. 1) . Computer analysis (19) of the kinetics of hybridization revealed three apparent abundance classes of mRNA in both the blastula and gastrula, with appreciable differences in frequency distribution and total complexity (Table 1) . Just as for total polysomal mRNA (5), the complexity of the polyadenylylated mRNA decreased during development from blastula (3.2 X 107 nucleotides) to gastrula (1.4 X 107 nucleotides). The complexities of our cDNA probes were considerably higher than those reported in earlier studies of this system (20, 21) . There was a shift of mass representation in the mRNA from 30% abundant and 47% rare in the blastula to 10% abundant and 58% rare in the gastrula. The number of mRNA species decreased in each abundance class, with the decline in the most abundant class from about 30 to 5 species. Each represented an average of about 1% of the polyadenylylated mRNA in the blastula and 2% in the gastrula. The trend in the embryo is toward the expression of a narrowed subset of mRNAs by maintaining or slightly increasing the abundance of these mRNAs and at the same time reducing the population of the other prevalent mRNAs. (19) , and they were corrected for the nuclease S1 resistance of the cDNA at zero time (0.5% and 1.0%).
The greater complexity of the blastula mRNA necessitates that many mRNA sequences in the blastula cannot be found in the gastrula. In order to study the converse relationship, we hybridized gastrula cDNA with blastula mRNA (data not given). The extent of hybridization in this case was not distinguishable from that in which gastrula cDNA was hybridized with homologous gastrula mRNA (Fig. 1B) . Therefore, essentially all of the polyadenylylated mRNA sequences in gastrula polysomes are also found in blastula polysomes. By using single-copy "mDNA" complementary to total polysomal mRNA, Galau et al. (5) (Fig. 2) . The (Fig. 1A) . The (Fig. 3) . The gastrula nuclear RNA drove the cDNA to the same high percentage of hybridization as obtained with homologous blastula mRNA (Fig. 2) . Therefore, all of these blastula abundant mRNA sequences are present in the gastrula nucleus despite the absence of two-thirds of them from the gastrula polysomes. The hybridization kinetics indicate the presence of two abundance classes in the gastrula nuclear RNA. Nuclear RNA sequences present in the gastrula polysomes are not distinguished Fig. 1A : blastula mRNA was the source of both the RNA and the cDNA. Fig. 1B : gastrula mRNA was the source of both the RNA and the cDNA. Fig. 2 : (column A) the RNA source was blastula mRNA and the cDNA source was blastula abundant mRNA; (column B) the RNA source was gastrula mRNA and the cDNA source was blastula abundant mRNA. * The complexity was calculated by using as reference standard a value of Rt1/2 = 9.5 X 10-4 for the 4.2 X 105-dalton immunoglobulin light chain mRNA hybridized with its cDNA (22) , corrected for Na+ concentration (23) .
t Based on a median size of 1800 nucleotides (24) . A value of 63 pg of polysomal mRNA per embryo was estimated from the same measurements and considerations used by Galau et al. (25 (Fig. 3) demonstrate that all of the abundant blastula mRNA species are represented in the gastrula nuclei. Therefore, the synthesis of these abundant mRNAs cannot be regulated simply through a block on transcription. Posttranscriptional regulation has also been indicated for the highcomplexity class of mRNAs in sea urchin embryos (7, 8) and frog embryos (17) , leaving the low-complexity, but physiologically important, abundant classes unaccounted for.
The gastrula nuclear RNA that can hybridize to abundant blastula sequences is divided into a high-abundance class, corresponding to approximately 6 mRNA species, and a lowabundance class, corresponding to 24 mRNA species (Fig. 3) . The latter class probably contains all or most of the 20 mRNA species that are missing from the gastrula polysomes as well as those 5 species that are present but at diminished frequency. The high-abundance class should contain sequences corresponding to the species that are abundant in the polysomes, especially if the frequency distribution in the nuclear RNA is homologous to that in the polysomal mRNA, as indicated by previous studies (28, 29) . If cytoplasmic contamination can be excluded, then the abundant class of nuclear RNA may reflect an enhanced transcription of genes for abundant mRNA species. A shift between high and low abundancy may require a quantitative regulation of transcription, whereas the absence of previously abundant mRNA species from polysomes may be attributable to posttranscriptional processes.
It is clear that in none of these cases is synthesis blocked at the level of transcription. It remains to be seen, especially through studies of cloned members of these subsets, whether posttranscriptional regulation is affected at the level of processing, transport, or stability of cytoplasmic forms of the mRNA. It is also evident that the developmental program governing selective shifts in gene expression may use different strategies for the regulation of concentration of mRNA in different subsets.
